To provide a quantitative description of postnatal retinal expansion in rabbits, a new procedure was developed to map the retinae, which cover the inner surface of hemispheres or parts of rotation ellipsoids, in situ, onto a single plane. This method, as well as the known distribution of Miiller cells per unit retinal surface area, were used to estimate the redistribution of specific subpopulations of Miiller cells within different topographic regions of the retinae. Miiller cells are known to exist as a stable population of cells 1 week after birth and can therefore be used as "markers" for determining tissue expansion. Our results show that differential retinal expansion occurs during development. Peripheral retinal regions expand at least twice as much as the central ones. Furthermore, there is a greater vertical than horizontal expansion. This differential retinal expansion leads to a corresponding redistribution of 5-hydroxytryptamine (5-HT) accumulating amacrine cells. Differential retinal expansion, however, does not account for all of the changes in the centro-peripheral density gradient of cells in the ganglion cell layer (GCL)-mostly retinal ganglion cells -during postnatal development. The changes in the ganglion cell layer were evaluated in Nissl-stained wholemount retinal preparations. Additionally, the difference between expansion-related redistribution of cells in the GCL and Miiller cells was confirmed in wholemount preparations where Miiller cells (identified as vimentin positive) and cells in the GCL (identified by fluorescent supravital dyes) were simultaneously labeled. It is assumed that many of the ganglion cells within the retinal center are not translocated during retinal expansion, possibly because their axons are fixed. In contrast, 5-HT accumulating amacrine cells -which are interneurons without a retinofugal axon -display a passive redistribution together with the surrounding retinal tissue.
Introduction
convincingly demonstrated that intraocular pressure is the driving force in eye growth. It is likely that most of this pressure is intercepted by the sclera (and choroid: Van Alphen, 1986) , whereas the retina is stretched along the inner surface of a growing sphere. It has been proposed by Mastronarde et al. (1984) and by Robinson et al. (1989) than in the center of the retina. Such a differential retinal expansion may be caused by variation in the local elasticity of the retinal tissue (Kelling et al., 1989; Reichenbach et al., 1991c) . The idea of differential retinal growth is now widely accepted (for recent reviews, see Leventhal & Schall, 1989; Beazley et al., 1989; Wikler & Finlay, 1989) . There remain, however, serious questions concerning quantitative differences in the expansion between retinal regions. Most studies deal with retinal ganglion cells. However, this approach has had two major disadvantages: (1) retinal ganglion cells do not constitute a stable population after birth since a significant subpopulation is lost by "physiological" cell death (Rager & Rager, 1978; Provis & Penfold, 1988; Finlay & Pallas, 1989 ; among others); and (2) because of their morphology and location, retinal ganglion cells might move laterally within the ganglion cell layer, or into another layer (Dunlop et al., 1992) ; even a transition between ganglion cells and "displaced" amacrine cells has been supposed to occur (Hinds & Hinds, 1983) . Thus, more reliable results may be expected when a more stable cell type is used as a basis for such studies. The retinal Miiller (glial) cells may be more suitable in this respect, for the following reasons: (1) Miiller cells are elongated cells, the thick processes of which reach both retinal surfaces, and are closely interwoven with their neighbouring cells; it is very unlikely that these cells undergo lateral movements in the retina; (2) in the rabbit, after the first week of life these cells constitute a fairly constant population of about 4 x 10 6 cells in number (Reichenbach et al., 19916) with no significant cell proliferation (Schnitzer, 1989; Reichenbach et al., 1991a) ; between P 23 and adulthood (when large changes in retinal size and cell distribution still occur) virtually no proliferating cell within the inner nuclear layer -where Miiller cell nuclei are located -was observed within a sample of several millions of nuclei (own unpublished results). The Miiller cells therefore have no measurable cell death or transition phases into other cell types. Finally, (3) the thick, singular vitread processes of these cells are reliably stained by antibodies to vimentin (Schnitzer, 1985) and may be easily counted in retinal wholemounts (Robinson & Dreher, 1990; Reichenbach et al., 1991ft) . For these reasons, it was decided to use the number and density of rabbit retinal Miiller cells during postnatal development (Reichenbach et al., 1991ft) to assess differential retinal expansion.
The first task was to find a suitable method to map the distribution of cells in the retina. Drawing of cell distributions in wholemounts produces a rather rough survey because of the cuts necessary to spread the tissue, folds, marginal shrinkage, etc. A trigonometric projection of the hemispheres onto the plane, on the other hand, leads to severe distortions, particularly in the periphery. There are new computerized quasi-three-dimensional mapping methods (Packer et al., 1989 ) but these give complicated pictures without a clear survey of the entire retina. Because it is impossible to spread a spherical surface into a single plane, we approached the problem by "cutting" the hemispherical retina into idealized segments each 15 deg and spreading these segments into a single plane like the peel of an orange (compare Fig. 1 ). This procedure produces a certain degree of flattening distortion but 15 deg stripes are narrow enough to permit a reliable survey on the spread retina. This approach was used to compare the known distribution of Miiller cells (Reichenbach et al., 1991ft) with the distribution of the 5-HT accumulating amacrine cells and of cells in the rabbit's retinal ganglion cell layer. We present evidence that in the rabbit (as well as in the cat) differential retinal expansion does occur but, most probably, cannot account for all of the changes in the centro-peripheral density gradient of retinal ganglion cells during postnatal development. It is possible that many of the central ganglion cells "escape" the retinal expansion movements, perhaps by means of "fixation" by their axons to the optic disc. In contrast, 5-HT-immunoreactive amacrine cells seem to be redistributed by differential retinal stretching in a similar way to the Miiller cells.
Materials and methods

Counting of neuronal cells within the ganglion cell layer
Retinae were dissected from the eyes of adult and juvenile rabbits anesthetized with urethane and from newborn animals and embryos obtained by Caesarian section and anesthetized with ether. Newborn and embryonic animals were killed by decapitation and the adults and juveniles by an overdose of urethane. The retinae were stained with cresyl violet (Nissl stain). A grid corresponding to a 1 x 1 mm net on the retina was placed onto a calibrated map of each wholemount, and all neuronal cells of the ganglion cell layer within a field of 256 x 256 /zm were counted at each crossing point of the grid. No attempt was made to discriminate between ganglion cells and displaced amacrine cells.
Comparative counting of cells in the GCL and Miiller (glial) cells
In initial studies, cell numbers in the GCL of Nissl-stained preparations (see above) were compared with an earlier determination of the numbers of yimentin-positive Miiller cell profiles in retinal wholemounts (Reichenbach et al., 1991ft) . To compare the densities of both cell types within the same retina, Miiller cells were immunolabeled according to Schnitzer (1985) by antibodies to vimentin (Boehringer, Mannheim, Germany), followed by incubation in a FITC-labeled antimouse antiserum (Boehringer, Mannheim, Germany). Then, the same retinae were exposed to the fluorescent nuclear stain propidium iodide (Sigma, Deisenhofen, Germany, Cat. No. P4170, dilution 50 /ig/ml) for 1 min, in order to stain nuclei within the ganglion cell layer. The preparations were then spread onto glass slides as wholemounts, and photographed to reveal each cell population in areas where these were clearly stained. This was done within 2 h followingthe propidium iodide exposure because the stain is not retained in the nuclei for longer periods. The number of cells of both types per unit area was then estimated from calibrated photocopies.
Counting of 5-HT-accumulating amacrine cells
Freshly dissected rabbit retinae were incubated in Krebs bicarbonate medium containing 10~7 M serotonin for 30 min at 37°C. The tissues were rinsed in ice-cold medium and fixed as wholemount preparations in 4% paraformaldehyde, 0.1 M phosphate buffer (pH 7.4) solution, for 1-3 h. The retinae were spread and then exposed for 2-3 days to a monoclonal seroto- Fig. 1 .. x 10 6 cells) were marked at they axis, and the corresponding retinal eccentricities were found at the abscissa. Taking such points from all stripes, population maps of entire retinae were constructed (compare Fig. 4 ). Large vertical arrowheads mark the retinal margin corrected for shrinkage. nin antibody, diluted 1:200. The retinas were then rinsed in buffer and exposed for 24 h to a biotinylated antimouse antibody (part of Vectostain kit), diluted 1:200. After a further rinse the retinas were incubated with avidin-biotin complex (also part of Vectostain kit) for 3 h, visualized by the diaminobenzidine (DAB) reaction and examined directly as flatmounts.
Retinal mapping
Rabbit retinae were considered as hemispheres (adults) or parts of rotation ellipsoids (young animals; see Reichenbach et al., 1991a) . Beginning at the very geometric center of a retina, areas were subdivided into idealized 15 deg segments which were spread onto a single plane (Fig. 1) . In this flattening procedure, the midlines of the segments remain straight lines for the adult hemispheres but are parabolic for the ellipsoids of young animals; for details, see the Appendix. This kind of idealized map was projected onto real wholemount preparations as described later.
Isodensity and population maps
Isodensity maps were constructed by taking cell densities collected along the midlines of 15 deg segments (see above) projected onto the wholemount preparations. The geometrical center of the idealized maps was adjusted over the center of the visual streak of the wholemounts, and the horizontal level was adjusted according to the medullary rays which were visible by virtue of the overlying blood vessels. At those points along the lines where no data were available from the wholemounts (e.g. where cuts or tears occurred), means from surrounding points were used. Wherever possible, orientation artifacts in parts of the wholemounts (caused by spreading the tissue onto the plane with only a few cuts made) were taken into account. It should Reichenbach et al. (19916) . The values given in the map represent thousands of cells per mm 2 . B: Isodensity maps of Miiller cells in rabbit retinae at P 9 and adult animals. Data were taken from several wholemounts for each age (see text). Black circle = optic disc, dashed line at P 9 = equator of the eye. D: dorsal; T: temporal; V: ventral; and N: nasal. Different cell densities are indicated by different degrees of hatching; density steps are, in both cases, about 7.7% of maximum density. be pointed out that, for clarity, the illustrated maps of original P 9 wholemounts (Figs. 3A, 9, and 14) show only a quarter of the locations where cells were counted. Moreover, cell densities were counted in at least two independent wholemount preparations, and the means of data collected at corresponding coordinates were used for further analysis.
By this procedure, 12 density curves for each developmental stage were obtained (top of Fig. 2 ). Smoothed density curves compensated for marginal shrinkage (Reichenbach et al., 1991a) by distributing the marginal cell population (1 mm from margin of wholemounts) along the greater extension before shrinkage (calculated from measurements on unfixed eyeballs; Reichenbach et al., 1991a) . Then the densities were marked on the midlines of the "flattened" maps, and points of equal cell density were connected by isodensity lines.
Cell populations were marked in the following way. The total number of cells in sections of the 15 deg segments was estimated by multiplying the mean density at a given distance from the center (e.g., between 2 and 3 mm) by the surface area of the same region (Fig. 2) ; these cell numbers were added cumulatively from the center to the periphery. In an attempt to show the retinal area containing a defined population of cells (e.g. between 2 and 3 x 10 6 cells, taking the center as zero), an assumption was made that the cells are evenly distributed in all directions; i.e. we marked on each 15-deg segment, in both directions from the center, ^ of the total population predicted. This produced population maps that allowed the expansion of given cell populations to be demonstrated during postnatal development. In the discussion of centro-peripheral differences, the term "center" of the rabbit retina means the central part of the visual streak. Fig. 3 shows the density of Miiller cells at postnatal day (P) 9 (top), and in adult animals (bottom). Data were taken from Reichenbach et al. (19916; Fig. 3A) and converted to maps as described above (Fig. 3B ). It should be noted that isodensity lines were drawn at greater absolute density differences in the young stage than in the adult; however, the difference was about 7.7% of maximum density in each case. Thus, the fact that the young retina expresses a lower centroperipheral density gradient of Miiller cells than do adult retinae (Reichenbach et al., 19916) results in the occurrence of fewer isodensity lines in the maps of young retinae.
Results
Miiller cells as "landmarks" for retinal areas
Population graphics were constructed from the isodensity diagrams as illustrated in Fig. 2 . Fig. 4 shows how various spec- deg segment) which are rather square-shaped at P 9 were shown after expansion and translocation in the adult stage. Clearly, dorsally and ventrally located fields are subject to extensive vertical elongation whereas fields on the horizontal meridian are subject to less horizontal elongation; the vertical-to-horizontal ratio of the fields within the horizontal stripe (segment 7) remains almost constant, that of fields within the vertical segment (segment 1) increases by 15-50%.
The developmental increase in retinal surface area is quantified in Fig. 7 (data from Reichenbach et al., 19916) . Corresponding areas of both the center and the far periphery each containing 1000 Miiller cells were compared during various stages of postnatal development. When both fields were considered to occupy a relative area of 1.0 at P 9, at each following stage studied the peripheral field increased almost twice as much as the central one when compared with the previous stage. Between P 78 and adulthood, however, the area of the retinal periphery increased 5-fold as compared with that of the center. Within the entire period between P 9 and adulthood, the surface area of the peripheral field increased 4.1-fold, that of the central field only 2.2-fold.
The velocity of the translocation of population borders between P 9 and P 30 was estimated and is given in Table 1 . As expected from the abovementioned data, this velocity was always greater in the periphery than in the center, and was greater for vertical than for horizontal movements. It should be noted that peripheral areas may reach average vertical "growth" velocities of up to 75 fim per day within the first weeks of life (i.e. even greater values at the beginning of this period). Fig. 8 (lower part) shows microphotographs of Nissl-stained GCL cells in retinae of a 9-day-old (P 9) and an adult rabbit; the microphotographs were taken in the retinal center ("C," left side) within the visual streak, and in the far periphery ("P"). The cell counts for two preparations are shown in Fig. 9 . As reported earlier for rabbit retinal ganglion cells (Robinson et al., 1989), there are two developmental trends; (J) a reduction of cell densities with increasing age, and (2) an increasingly steep center-to-peripheral gradient of cell densities. This was not an unexpected finding but provided a basis for a detailed comparison of isodensity lines of neurons within the GCL with those Nissl; bottom) . At the left side, central regions ("C," that is, within the visual streak) are shown; at the right side, regions within the far periphery ("P") are illustrated. In each case, a pair of microphotographs was taken at both P 9 and in an adult retina. 5-HT-positive amacrine cells were studied by an 40x objective, and Nomarski optics; cells in GCL were studied with a lOOx oil immersion objective. Fig. 9 . Nissl-stained rabbit retinal wholemounts at P 9 and adulthood, with the local density of neurons in the GCL indicated.
Density of cells in the ganglion cell layer
of the Muller cells which are thought to be a suitable reference population. Fig. 10 compares isodensity maps of cells in the GCL of young postnatal (P 9) and adult rabbits. The cells in the GCLand, in particular, ganglion cells -differ in their behavior from Muller cells in two major ways. (1) They express a much steeper centro-peripheral density gradient than Muller cells, already clear at early stages; and (2) this centro-peripheral density gradient grows more than that of Muller cells even when P 9 values are equalized. This is caused by the following quantitative difference. Central Muller cell density decreases by about 60% between P 9 and adulthood; in the same period, central GCL cell density decreases only by about 35%. In contrast, both Muller cell and GCL cell density in the periphery decreases by about 73% during this time. In other words, between P 9 and adulthood the centro-peripheral density gradient of Muller cells increases by a factor of 1.6 whereas that of retinal ganglion cells increases more than twofold.
These differences were also observed in double-labeled wholemounts where both Muller cells and cells of the GCL were counted within the very same retinae (Figs. 11-13 ) although, due to technical problems (e.g. fading and/or inhomogeneous retention of propidium iodide), fewer determinations were made.
Density of 5-HT-accumulating amacrine cells
Counts of immunolabeled 5-HT-positive amacrine cells in wholemounts of adult retinae (upper part of Fig. 8, Figs . 14 and 15) revealed similar densities as described before (Negishi et al., 1984; Sandell & Masland, 1986; Vaney, 1986) . A marked zone of high cell density was obvious within the visual streak. There was no problem in counting 5-HT-accumulating amacrine cells in P 9 retinae, despite the fact that some cells at the outer margin of the inner nuclear layer showed additional (transient) labeling (Osborne, 1985) . Similar to cells of the GCL, but in contrast to Muller cells, 5-HT-accumulating amacrine cells showed a central zone of higher cell density already at P 9. The centro- peripheral density gradient, however, doubled between P 9 and adult retinae. Similar findings were recently published by Mitrofanis et al. (1992) . A summary of the size and total cell content of the wholemount preparations used in this study is given in Table 2 .
Discussion
Two problems linked with retinal mapping in 15-deg segments will briefly be discussed before providing an analysis of the data. First, cell populations are obviously not equally distributed in all 15-deg segments, although this is implicit in the procedure of labeling the population borders (see Fig. 2 ). This small error, however, is compensated when subsequent developmental stages are compared, since all stages arise from the very same unequal distribution of cells at the earliest stage. Second, it is likely that not all cells remain within their 15-deg segments during the entire period of postnatal development. Such changes may limit the validity of Fig. 5 for descriptions of retinal expansion. Nevertheless, at least in the vertical (segment No. 1) and in the horizontal (segment No. 7) direction such an exchange of cells with neighboring segments seems to be unlikely, and size and shape of retinal areas should be indicated reliably.
On the other hand, it might be argued that placing the center of the idealized maps onto the center of the visual streak presupposes that retinal expansion is minimal at the geometric Fig. 11 . Microphotographs from double-labeled rabbit retinal wholemounts at P 9; every pair of microphotographs shows Jl-labeled cells in GCL (right) and vimentin-labeled Miiller cells (left), taken at the very same location either near the visual streak (top) or in the far periphery (bottom). Scale bar = >50 jim. center of the retina. This is true but if there had been more cell dilution within the central segments than in any other region, this should have become obvious in the comparison of P 9 and adult population maps. That means that our data indirectly support the assumption that retinal expansion is minimal at the retinal center.
Rules and causes of differential retinal expansion
Postnatal retinal expansion varies quantitatively with retinal topography: the periphery expands more than the center, and there is more vertical than horizontal expansion. The centroperipheral difference in expansion has been related to the difference in elastic properties of retinal tissue (Kelling et al., 1989; Reichenbach et al., 1991c) . From the earliest stages after birth to adulthood, the central retina (visual streak) of rabbits has been found to be significantly less extensible than the retinal periphery; the centro-peripheral difference in specific compliance is about two-fold in the first 2 weeks of life but reaches 4.5-fold in adult animals (Reichenbach et al., 1991c) . This, however, corresponds very well to the centro-peripheral differences in retinal expansion as estimated from Miiller cell densities (see Fig. 7 ). Thus, local mechanical properties of retinal tissue account for differences in the centro-peripheral retinal expansion. There are two possible causes for the vertical-to-horizontal differences in expansion. First, the rabbit's eye as a whole changes from a rotation-ellipsoid with the long axis in naso-temporal direction at birth to almost a sphere in adults. At the same time, the retinal shape changes from elliptic (with the long axis in nasotemporal direction) to circular (Reichenbach et al., 1991a) . Thus, less horizontal than vertical expansion is necessary to reach the adult size. On the other hand, the ratio of vertical axis to horizontal axis changes more significantly for the retina than for the whole eye (Reichenbach et al., 1991a) . This might be due to the exceptional mechanical properties of the (prospective and mature) medullary rays. This horizontally aligned, stripe-shaped area is much less extensible than other retinal regions, from birth to adulthood (Reichenbach et al., 1991c) , and may cause a marked restriction of horizontal as compared to vertical expansion.
Implications for receptive fields of retinal neurons
Assuming that after P 9 a given neuronal cell type has already made synaptic contact with its target cells (see McArdle et al., 1977) , and assuming that these synaptic contacts are maintained, our data can be used to estimate the development of size and shape of its dendritic fields. When, however, the dendritic fields of a given neuronal cell type -dependent on the topographic location of the cell within the retina -expand to the extent that would be expected from estimations of the expansion of the surrounding retinal tissue, it might be suggested that the dendrites show only passive elongation instead of active growth. Indeed, there are examples of a correlation between expansion of local retinal surface area and size of dendritic fields. This is true of cholinergic (Wong& Collin, 1989) onless horizontal cells (Reichenbach et al., 1987) , as shown in Table 3 . Thus, at least some retinal local interneurons seem to complete their synaptic contacts early in postnatal life, to maintain those connections, and to be subjected to passive dendritic elongation by stretching which is caused by retinal expansion and the separation of the target cells.
Active dendritic growth has been demonstrated within this period in retinal ganglion cells by Dann et al. (1987 Dann et al. ( , 1988 and Bahr et al. (1992) among others. Extrinsic determinants of dendritic elongation in retinal ganglion cells have been discussed elsewhere (e.g. Perry & Maffei, 1988; Leventhal & Schall, 1989) . a Taken by extrapolation, using data of Reichenbach et al. (1991a) . b Only data from P 10 available. c Data from Wong and Collin (1989 
Table 3. Comparison of postnatal expansion of local retinal surface area, and of dendritic fields of two types of retinal neurons
mm
Fig. 14. Maps of two rabbit retinae showing, at P 9 (top) and adulthood (bottom) the density of 5-HT-accumulating amacrine cells.
Retinal ganglion cells
As already discussed, a discrepancy was found between developmental separation of Miiller cells and retinal ganglion cells within the retinal center. Fig. 16 compares cumulative cell counts of Miiller cells, 5-HT-accumulating amacrine cells, and cells in the GCL within a vertical segment of 1 mm width at P 9, and within a broader segment containing the same number of cells in the adult retinae. The Miiller cell diagram (top) represents differential retinal expansion as discussed above; about 100,000 cells located within 3 mm of the center of the segment at P 9 occupy an area about 1.5 mm longer in the adult segment. 200,000 cells, however, occupy 7 mm of the segment at P 9 and expand their area by about 4.5 mm, i.e. a threefold greater distance than central cells. A similar expansion occurs for the areas occupied by 5-HT-accumulating amacrine cells (middle diagram of Fig. 16 ). At P 9, some 14,500 cells in the GCL occupy a 7-mm segment which expands in adults by the same 4.5 mm as do Miiller cells and, thus, the surrounding retinal tissue (bottom panel). However, the GCL cells which lie in the central 3 mm of the segment experience almost no territorial expansion between P 9 and adulthood. Most probably, this behavior is not restricted to the vertical sector but it cannot reliably be demonstrated elsewhere by the procedure used. It has been shown elsewhere (Robinson et al., 1987; Schnitzer, 1989) that this centro-peripheral difference cannot be accounted for by "physiological" cell death, even if this occurred mainly in the periphery of the retina (Wong & Hughes, 1987) which is clearly not the case in the rabbit retina (Robinson et al., 1987; Schnitzer, 1989) . Thus, our data indicate that many GCL cells of the retinal center remain "fixed" in position whereas surrounding cells move to more peripheral regions; comparison with data of Robinson et al. (1987 Robinson et al. ( , 1989 shows that the effect is even more pronounced when the ganglion cell population (instead of all GCL cells) is considered. This phenomenon does not seem to be restricted to the rabbit retina but also occurs in the cat retina where we found a similar separation of the Miiller cell population (Reichenbach et al., 1991ft) and where a much greater increase in the centro-peripheral ganglion cell density gradient has been reported (see e.g. Mastronarde et al., 1984) . Measurements in double-labeled retinae reveal the same behavior (Fig. 17) so this difference between Miiller cells and cells of the GCL is no artifact caused by the use of individual retinae from different animals. One reason that some ganglion cells may remain fixed in position while other retinal cell types are displaced by retinal expansion is that their axons are connected with the optic nerve head. From a mechanical point of view, the location of a given ganglion cell soma is determined by the interplay between two forces; adhesion to synaptic contacts which exert traction during retinal expansion, and the anchoring effect of the axon which is fixed at one end to the optic papilla. The peripheral ganglion cells seem to follow the first force (see Fig. 16 ), i.e. to move peripherally together with their input cells while central ganglion cells are held back by the axonal "leash." The balance between the two forces seems to differ for the two populations of ganglion cells, depending on their topographic location.
Dislocation of the cell somas together with their dendrites Cumulative cell numbers were estimated as described in Fig. 2 but for a vertical stripe with parallel borders; the stripe had a width of 1 mm at P 9 and was broadened for adults until it contained the same number of cells. The enlargement of the area occupied by given cell populations was labeled at one central ("C") point -at a distance of 3 mm from the retinal center at P 9 -and at one peripheral ("P") point that was 7 mm apart from the retinal center at P 9. Whereas the expansion of population borders was similar for all cell types studied at the peripheral point, the central population of cells in GCL showed almost no expansion (asterisk), in contrast to both Muller cells at 5-HT-positive amacrine cells. Data were taken from Figs. 3, 10, and 15. would leave synaptic connections intact but would require elongation of the axon, while stabilization of the soma would leave the axon length (within the retina) unchanged but would require a continuous remodeling of synaptic connections. Perhaps peripherally located cells lengthen their axons because synaptic remodeling could not keep pace with the rapid retinal ex- Fig. 16 ). Data were taken from double-labeled wholemounts (Figs. 11 and 12) . Only data from the ventral part of the retinae are shown since for the dorsal part not enough reliable data were available. Nevertheless, the diagram is very similar to that in Fig. 16. pansion which could produce a relative dislocation of almost 100 fim per day (compare Table 1 ).
On the other hand, axon elongation may be the limiting event. Central ganglion cells are born earlier than peripheral ones (Polley et al., 1989; Springer, 1989) , so their axons are older, and (1) have been subjected to a degree of elongation before P 9, (2) may already have developed a stronger cytoskeleton, and (3) should already have been stretched from the initially curved to the mature straight course. In contrast, the axons from younger cells have "reserves" for elongation by straightening (Reichenbach et al., 1989) . Furthermore, in rabbit central cells, the entire intraretinal axon length becomes myelinated, whereas peripheral cells have long unmyelinated parts of their axons. Myelinated fibers may exert greater tethering forces than naked ones (compare Reichenbach et al., 1991c) . Of course, this mechanism cannot play any role in the cat retina where no myelinated fibers occur.
There are other situations in which cells with rather complex dendritic trees should undergo movements relative to their environment. In the embryonic rat spinal cord, for example, sympathetic preganglionic neurons are displaced at right angles to radial glial fibres even after they have developed a rather elaborate dendritic tree (e.g. Markham & Vaughn, 1991) . In the optic tectum of cold-blooded vertebrates, the asymmetric growth of retina and tectum causes a lifelong shift in synaptic connectivity in order to keep the topography of retino-tectal mapping (Easter, 1983; Feldman et al., 1983; Easter & Stuermer, 1984; Reh & Constantine-Paton, 1984; Stuermer, 1988; Wilm & Fritzsch, 1992) . Lateral migrations of cells seem to occur during formation of the primate fovea (Hendrickson & Youdelis, 1984; Youdelis & Hendrickson, 1986) , and have been ascribed to stretching of the retina (Robinson, 1991) . Moreover, extensive synaptic remodeling has been demonstrated in mammalian retinae, viz. in the outer plexiform layer (OPL) of rds mutant mice (Jansen & Sanyal, 1984 . Further studies are underway to provide direct evidence for synaptic remodeling in rabbit retinal ganglion cells.
Isometric mapping of retinae in the plane
A surface is "developable" when it can be spread isometrically onto the plane by bending(s), without producing folds or tears. The only surfaces which are developable are those of polyeders, cylinders, and cones, as well as surfaces formed by successive tangents of space curves (Blaschke, 1945) . Retinae which line a spheric or ellipsoid-shaped eye surface are not developable surfaces. Nevertheless, morphometric studies may require the isometric mapping of retinae in the plane. Such a mapping will be derived here. With one exception -from the theory of orthogonal trajectories -this derivation needs only the tools of elementary analytical geometry; thus, no references are given. Fig. 18 shows two important sectional views of an eye that is a rotation ellipsoid the symmetry axis of which is the x axis. The meaning of the symbols in Fig. 18 is as follows. 0 = origin of the coordinate system, a B = large half-axis of the bulbous ellipse, b B = small half-axis of the bulbous ellipse, h = maximum altitude of that section of the ellipse which is not covered with retina, b R = small half-axis of the elliptic cross-sectional area of that section of the ellipse which is not covered with retina, and 0 = half-angle of the ellipsoid section in the .y-z-plane. When h can be measured, the following expressions can be derived:
Now, the length of the arc of the retina in the ^-z-plane can be given as
As a next step, the length of the arc of the retina in the x-zplane will be estimated. For this purpose, a R -the large halfaxis of the elliptic cross-sectional area of the retina-free ellipsoid part -and a -the corresponding half-angle -must be evaluated. This is possible by using e, the numerical eccentricity of the bulbous ellipse. In our case, Fig. 18 . Model of the geometry of elliptic eyes; meaning of symbols: 0 = origin of the coordinate system; x = long (symmetry) axis of the ellipsoid; a B = large half-axis of the bulbous ellipse; b B = small half-axis of the bulbous ellipse; y, z = orthogonal axes of the coordinate system; h = maximum altitude of that section of the ellipse which is not covered with retina; b R = small half-axis of the elliptic cross-sectional area of that section of the ellipse which is not covered with retina; and 0 = half-angle of the ellipsoid section in the y-z plane.
e is an invariant (Kowalewski, 1931) 
Now, tan a can be described by tana = a R (b B -h)~l
Using eqn. (7), the half-angle a is given as
The length of the arc of the retina in the x-z-plane is now 
Into an x-y coordinate system, 0.5 s xz is incorporated as large half-axis a and 0.5 s yz as small half-axis b. Using a and b, by means of the two-circle construction the corresponding "enrolled" ellipse with c being a continuous parameter, and x being within the closed interval, 0 < x < a. The orthogonal trajectories which run through the margin of the ellipse a~2x 2 + b~2y 2 = 1 exist analytically only within the first quadrant. They are transferred into the other quadrants by mirror reflection. Choosing successively for c the numerical values Ci = tan 15°, c 2 = tan 30°, c 3 = tan 45°, c 4 = tan 60°, and c 5 = tan 75°, there results -within the abovementioned ellipse -a meaningful and clearly arranged crowd of orthogonal trajectories. Using this framework, the retinal surface is now plotted down in sectors. To maintain the isometry, the point of intersection (x s ,y s ) of the orthogonal trajectory y = c k x" b with the ellipse a~2x 2 + b~2y 2 = 1 must be known. The x coordinate x s of the point of intersection is given by hen the eye has the shape of a sphere, the problem is greatly facilitated. Instead of the abovementioned ellipse, the circle is described by x 2 + y 2 = r 2 with r = 0.5sy 2 , and with By the method described here, a regular mapping of retinae onto the plane was developed which is correct for both surface and length. Numerical solutions for retinal mapping at several developmental stages were produced by computer programs (coauthor).
